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This paper demonstrates the anisotropic response of quantum critical fluctuations with respect
to the direction of the magnetic field B in Ni-doped CeCoIn5 by measuring the magnetization M
and specific heat C. The results show that M/B at B = 0.1 T for both the tetragonal c and a
directions exhibits T−η dependencies, and that C/T at B = 0 follows a − lnT function, which
are the characteristics of non-Fermi-liquid (NFL) behaviors. For B || c, both the M/B ∝ T−η
and C/T ∝ − lnT dependencies change into nearly temperature-constant behaviors by increasing
B, indicating a crossover from the NFL state to the Fermi-liquid state. For B || a, however, the
NFL behavior in C/T persists up to B = 7 T, whereas M/B exhibits temperature-independent
behavior for B ≥ 1 T. These contrasting characteristics in M/B and C/T reflect the anisotropic
nature of quantum critical fluctuations; the c-axis spin component significantly contributes to the
quantum critical fluctuations. We compare this anisotropic behavior of the spin fluctuations to
superconducting properties in pure CeCoIn5, especially to the anisotropy in the upper critical field
and the Ising-like characteristics in the spin resonance excitation, and suggest a close relationship
between them.
I. INTRODUCTION
The role of spin fluctuations in unconventional super-
conductivity is a long-standing subject in the physics of
strongly correlated electron systems. The unconventional
superconducting (SC) phase commonly emerges in the
vicinity of magnetic orders in many strongly correlated
electron systems, such as high-Tc cuprates, FeAs-based
alloys, and heavy fermion compounds. In particular, the
heavy fermion compounds often exhibit SC order prox-
imity to a magnetic quantum critical point (QCP), cor-
responding to a magnetic phase transition at zero tem-
perature. Hence, quantum critical fluctuations that are
enhanced around the QCP are expected to play a critical
role in the SC order of the heavy fermion compounds.
Among the heavy fermion superconductors, CeCoIn5
has attracted continuous interest because of its anoma-
lous SC properties coupled with magnetic correlations [1].
This compound has a HoCoGa5-type tetragonal struc-
ture [Fig. 1(b), inset] and exhibits a SC order below
Tc = 2.3 K. The magnetically mediated pairing mecha-
nism of the SC order is inferred from the d-wave (dx2−y2)
symmetry of the SC gap [2–4]. The inelastic neutron
scattering experiments have revealed that a resonance ex-
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citation involving the tetragonal c-axis spin component
develops in the SC state [5–12]. Furthermore, applying
the magnetic field B yields another SC phase that coex-
ists with an incommensurate antiferromagnetic (AFM)
modulation (the so-called Q phase) at very low temper-
atures below 0.3 K and at high fields just below Hc2 for
B ⊥ c [13–20]. All of these features indicate a close cou-
pling between the anisotropic spin correlations and the
SC state, but the nature of the spin correlations with
respect to CeCoIn5 has not yet been fully uncovered.
A key to clarifying the relationship between the spin
correlations and the anomalous SC properties is expected
to be found in the field-induced non-Fermi-liquid (NFL)
behaviors observed under B when applied along the c
axis. At B ∼ 5 T, the specific heat divided temperature
exhibits − lnT dependence, and both electrical resistiv-
ity and magnetization follow nearly T -linear functions
down to very low temperatures [21–23]. It is widely be-
lieved that spin fluctuations enhanced near an AFM QCP
are responsible for these NFL behaviors [21, 22, 24]. In
fact, substituting the ions for elements in CeCoIn5, such
as Nd for Ce [25, 26], Rh for Co [27–30], and Cd, Hg,
and Zn for In [31–34], can induce long-range AFM or-
ders. Moreover, possible field-induced AFM ordering at
extremely low temperatures (T ≤ 20 mK) has been pro-
posed by a recent quantum oscillation measurement for
pure CeCoIn5 [35].
In contrast, the substitutions of Sn for In [36–38] and
Ni for Co [39] do not induce the AFM phase, but simply
yield paramagnetic ground states through the suppres-
ar
X
iv
:1
90
2.
04
71
7v
1 
 [c
on
d-
ma
t.s
tr-
el]
  1
3 F
eb
 20
19
2sion of the SC phase. In a recent study, we have revealed
that in the mixed compound CeCo1−xNixIn5, the SC
transition temperature Tc monotonically decreases from
2.3 (x = 0) to 0.8 K (x = 0.20) with increasing x; sub-
sequently, the SC order disappears above the critical Ni
concentration x = 0.25 [39]. At this concentration, the
NFL behaviors are realized around the zero field, char-
acterized by the − lnT dependence in the specific heat
divided by the temperature, the weak diverging behav-
ior in the magnetization, and the nearly T -linear behav-
ior of the electrical resistivity [39]. These NFL features
are quite similar to those seen in pure CeCoIn5, strongly
suggesting that the NFL anomaly observed in Ni-doped
CeCoIn5 also originates from the AFM quantum critical
fluctuations. Furthermore, the effective magnetic mo-
ment for x ≤ 0.3, estimated from the Curie-Weiss law at
high temperatures, is nearly independent of x and coin-
cides well with that calculated from the J = 5/2 mul-
tiplet in the Ce3+ ion [39], suggesting that the Ce 4f
electrons are mainly responsible for the magnetic prop-
erties in pure and Ni-doped CeCoIn5.
The observation of the NFL behavior at the zero field
in Ni-doped CeCoIn5 provides an opportunity to inves-
tigate the magnetic anisotropy of the quantum critical
fluctuations. In pure CeCoIn5, in contrast, it is difficult
to perform such an investigation with typical macroscopic
measurements, because the quantum critical behavior is
suppressed (or masked) by the SC phase at low magnetic
fields and is visible only at very low temperatures above
µ0Hc2 (4.9 T for B || c and 11.6 T for B || a) [40, 41].
Consequently, the magnetic anisotropy of the quantum
critical fluctuations remains unclear. In this paper we
demonstrate the anisotropic changes of the NFL behav-
iors in the magnetization and specific heat between B || c
and B || a in CeCo1−xNixIn5, and we discuss the relation-
ship between the anisotropic spin fluctuations and the SC
properties in pure and Ni-doped CeCoIn5.
II. EXPERIMENT DETAILS
A single crystal of CeCo1−xNixIn5 with x = 0.25 was
grown using an Indium flux technique, the details of
which are described elsewhere [39]. The energy dispersive
x-ray spectroscopy (EDS) and the inductively coupled
plasma mass spectrometry (ICP-MS) measurements for
the sample indicated that the actual Ni concentration ap-
proximately coincided with the starting (nominal) value
within the deviation of ∆x/x ∼ 17%, including the ex-
perimental error. Furthermore, through the EDS mea-
surements, we confirmed the homogeneous distributions
of the elements in the single crystal prepared for the ex-
periments. The magnetization along the c and a axis
was measured in temperatures as low as 0.1 K and in the
magnetic field B (µ0H) at up to 8 T with a capacitively
detected Faraday force magnetometer [42]. A commercial
SQUID magnetometer (MPMS, Quantum Design) was
used for the magnetization measurements in the temper-
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FIG. 1: Temperature variations of (a) the c-axis magnetiza-
tion and (b) the a-axis magnetization divided by the magnetic
field for CeCo0.75Ni0.25In5. In (a) and (b), logarithmic scales
are used for both the vertical and horizontal axes. The crystal
structure of CeCo1−xNixIn5 is depicted in the inset of (b).
ature range of 2.0–300 K and the magnetic field at up to
5 T. The specific heat Cp was measured in the temper-
ature range of 0.31–4 K and in the field range of 0–7 T
with a conventional quasiadiabatic technique.
III. RESULTS
Figures 1(a) and 1(b) show the temperature depen-
dencies of the c- and a-axis magnetization divided by the
magnetic field M/B respectively. Note that the M/B
data are plotted with logarithmic scales for both the
vertical and horizontal axes. M/B for both directions
showed qualitatively similar features. Namely, M/B at
the lowest field (B = 0.1 T) exhibited diverging behav-
ior with a T−η function (η < 1) as the temperature de-
creased. The T−η dependence in M/B was realized in
a very wide temperature range of 0.1–10 K for both di-
rections. It is natural to conclude that this NFL be-
havior originates from the quantum critical fluctuations,
because similar NFL behaviors are also found in various
macroscopic quantities in pure CeCoIn5 [21, 22, 24] and
its doped alloys [36, 37, 43]. In both the c- and a-axis
magnetization, the diverging feature was reduced by fur-
ther applying B, and the M/B-constant behavior was
then realized at low temperatures.
From a quantitative viewpoint, however, a significant
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FIG. 2: Temperature variations of the ratio of the c-axis
and the a-axis magnetization Mc/Ma for CeCo0.75Ni0.25In5.
A T−0.08 [= T−(ηc−ηa)] function is represented as a dashed
line for comparison.
anisotropy was found in the NFL region between the c-
axis and a-axis magnetization Mc and Ma, respectively.
The exponent η of M/B ∝ T−η at B = 0.1 T in Mc
[ηc = 0.20(2)] was larger than the value [ηa = 0.12(2)]
in Ma, as the details of those evaluation procedures are
described later. Furthermore, the magnitude of Mc at
B = 0.1 T and T = 0.1 K was twice that of Ma. The
diverging behavior in the temperature variation of Mc
was thus stronger than that of Ma. Indeed, this feature
can be verified by considering the variation of Mc/Ma
as a function of temperature (Fig. 2). Mc/Ma exhib-
ited a peak with a magnitude of 1.5 at ∼ 60 K. The
peak structure was also observed in the other physical
quantities, such as the electrical resistivity [1], and its
origin is considered a development of a coherent heavy-
fermion state below this temperature. The Mc/Ma value
was reduced to 1.32 with decreasing temperatures, down
to ∼ 15 K. However, the spin fluctuations, associated
with the NFL behavior, enhanced the Mc/Ma value at
low temperatures again; Mc/Ma for B = 0.1 T increased
with a decrease in temperature below ∼ 15 K and then
reached 1.96(10) at 0.11 K. In a high magnetic-field re-
gion, in contrast, Mc/Ma for B = 5 and 8 T exhibited
a saturation to the values of 1.55(3) and 1.46(2) at low
temperatures, respectively, remaining with magnitudes
comparable to those in high temperatures. These exper-
imental results suggest that the NFL anomaly involved
mainly the c-axis spin component.
Figures 3(a) and 3(b) show the specific heat divided
by the temperature Cp/T obtained under various fields
along the c and a axis, respectively. For B || c, Cp/T was
markedly enhanced below ∼ 0.7 K for B ≥ 3 T, although
its temperature dependence became weak with increas-
ing B at high temperatures. This enhancement is consid-
ered to be caused by the Zeeman splitting of the nuclear
spins. Such an effect should also be included in Cp/T for





&H&R1L,Q
B__c




C
p
T
-
. 
PR
O
B7D





      
B__a




C
p
T
-
. 
PR
O
T.
B7E



    



C
QX
FOT
-
.
P
RO
T.
B 7
FIG. 3: Temperature variations of specific heat divided by
the temperature Cp/T for CeCo0.75Ni0.25In5, measured under
various B with the directions of (a) B || c and (b) B || a. The
inset of (b) shows the nuclear Schottky contribution Cnucl/T
calculated based on the natural abundance of nuclear spins in
the sample.
B || a. To eliminate this contribution, we estimated the
nuclear Schottky anomaly Cnucl by performing a calcula-
tion based on the natural abundance of the nuclear spins
in the sample [Fig. 3(b), inset]. At B = 7 T and 0.4 K,
the fraction of Cnucl in Cp was estimated to be 14% for
B || c and 12% for B || a. Note that the contribution of
Ni and Co nuclear spins was only 10% in Cnucl; therefore,
the ambiguity of the Ni/Co concentration (∆x/x ∼ 17%)
in the sample is negligible in the estimation of Cnucl.
Figures 4(a) and 4(b) display the specific heat data
obtained by subtracting the nuclear spin contribution
C/T ≡ (Cp − Cnucl)/T for B || c and B || a, respectively.
C/T for B = 0 increased with decreasing temperature,
with a nearly − lnT dependence at temperatures as low
as 0.31 K. As displayed in Fig. 4(a), this feature was
markedly suppressed by applying B along the c axis, and
C/T eventually became nearly independent of tempera-
ture at B = 7 T. The feature of suppression in C/T coin-
cides fairly well with that observed in Mc/B [Fig. 1(a)];
hence, these behaviors are attributed to a crossover from
the NFL to Fermi-liquid (FL) states.
However, it was found that the − lnT diverging be-
havior in C/T was not suppressed as much by B for
B || a. At 0.4 K, the reduction of the specific heat at
B = 5 T, 1 − C(5 T)/C(0 T), was estimated to be 5%
for B || a, whereas it was 14% for B || c. In addition, C/T
at B = 7 T continued to increase with the decreasing
temperature for B || a, whereas it was nearly indepen-
dent of temperature for B || c. Similar weak B depen-
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FIG. 4: Low temperature specific heat divided by the tem-
perature obtained by subtracting the nuclear spin contribu-
tion C/T ≡ (Cp − Cnucl)/T for CeCo0.75Ni0.25In5 under B
with (a) B || c and (b) B || a. The arrows indicate the charac-
teristic temperature T ∗ below which C/T deviates from the
− lnT function.
dence of C/T for B || a was also found at a very high
B region above µ0Hc2 = 11.6 T in pure CeCoIn5 [40].
This weak B dependence in C/T for B || a is in stark
contrast to the rapid reduction of Ma/B with B for the
same B direction; Ma/B was markedly suppressed by
applying B and then became constant at low tempera-
tures for B ≥ 1 T [Fig. 1(b)]. These contrasting fea-
tures in C/T and Ma/B for B || a strongly suggest that
the fluctuating spin component is perpendicular to the
applied B direction; that is, the c-axis spin component
significantly contributes to the quantum critical fluctu-
ations in CeCo1−xNixIn5. This situation is similar to
that expected in the Ising model with a transverse mag-
netic field, in which the transverse magnetic field does
not align the spins but yields a quantum paramagnetic
state with short-range spin correlations [44]. However, it
should be remembered that the anisotropy of magnetic
moments in the present system was not so strong that
it can be regarded as simply the Ising-like anisotropy.
In addition, the spins of the itinerant heavy quasipar-
ticles, rather than the completely localized spins, were
likely responsible for the quantum critical fluctuations.
Hence, the deviation from the Ising-like characteristics
of the magnetic moments would lead to a suppression of
the quantum critical fluctuations and would then stabi-
lize the FL state at a high B region above B = 7 T, even
for B || a.
In Figs. 5(a) and 5(b) we summarize the exponent
η of M/B ∝ T−η at low temperatures for B || c and
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FIG. 5: The image plots of the exponent η in M/B ∝ T−η
for CeCo0.75Ni0.25In5, depicted in the magnetic field versus
the temperature plane for (a) B || c and (b) B || a. The filled
circles indicate the characteristic temperature T ∗ of C/T , be-
low which C/T deviates from the − lnT function.
B || a, respectively. In these plots, η was estimated using
a simple relation: η = −T/(M/B) d(M/B)/dT . The
effect of the Van Vleck susceptibility χV may be in-
cluded in the estimation of η using an alternative for-
mula: η = −T/(M/B − χV ) d(M/B)/dT . However, we
confirmed that the trends seen in Figs. 5(a) and 5(b)
did not depend on the finite χV value, at least up to
χV ∼ 2.5 × 10−3 µB/T Ce, which is about half of the
magnitude of the experimentally observed magnetic sus-
ceptibility at 300 K [39].
As displayed in Fig. 5(a), the NFL state with η = 0.2
governed the low B region in the B − T plane for B || c,
and the suppression of the NFL state at the high B region
was realized as a reduction of η toward ∼ 0. A similar
gradual suppression of the NFL behavior with B was also
observed in C/T . In fact, when the characteristic tem-
perature T ∗ below which C/T deviates from the − lnT
function [see Fig. 4(a)] was plotted onto the image map
of η in Fig. 5(a), we found that the T ∗(B) curve traced
the contour of η = 0.06 well. This consistency between
M/B and C/T reflected the occurrence of the NFL-to-FL
crossover for B || c.
However, the situation for B || a was very different, as
shown in Fig. 5(b). The finite η value for B ∼ 0 was
rapidly suppressed by B, and a large η ∼ 0 region was
then distributed in the B − T plane. In contrast, the
T ∗(B) curve entered deeply into the η ∼ 0 region. Note
5that for B || a, C/T did not exhibit the C/T -constant be-
havior ascribed to the FL state, even below T ∗, although
T ∗ could be defined in the C/T data. It is likely that
the c-axis spin component of the quantum critical fluc-
tuations, which was not significantly influenced by B for
B || a, led to this inconsistency between M/B and C/T
for B || a, as argued previously.
IV. DISCUSSION
The present investigation of CeCo0.75Ni0.25In5 re-
vealed the clear anisotropic response of the NFL behav-
iors in M/B and C/T with respect to the B direction; the
crossover from the NFL state to the FL state occurred
for B || c, whereas the NFL behavior persisted at least up
to B = 7 T for B || a. In this section, we compare this
anisotropic NFL behavior to the SC properties in pure
CeCoIn5.
First, we find that the anisotropy concerning the sta-
bility of the SC phase in pure CeCoIn5 qualitatively co-
incides with that of the quantum critical fluctuations in
Ni25%-doped CeCoIn5. The SC order parameter in the
pure compound has a characteristic temperature scale of
∼ 2 K, corresponding to Tc. In addition, this SC state is
broken at µ0Hc2 = 4.9 T for B || c, although it persists
up to 11.6 T for B || a [45]. In the Ni25%-doped alloy,
C/T at ∼ 2 K takes on the NFL characteristics up to
the same B ranges as Hc2 in the pure compound. This
coincidence of the stability of the NFL and SC states
concerning B implies that the spin correlations, similar
to those yielding the NFL behavior in the Ni25%-doped
alloy, play a critical role in the occurrence of the SC or-
der in the pure compound. If this is the case, such spin
correlations should be concerned with the determination
of Hc2 through both the SC condensation energy and the
paramagnetic spin susceptibility, yielding a Pauli param-
agnetic effect [19], because Hc2 of CeCoIn5 is considered
Pauli limited [2, 45].
Second, it is remarkable that the c-axis spin component
is primarily responsible for the quantum critical fluctua-
tions in Ni25%-doped CeCoIn5. Indeed, such anisotropic
spin fluctuations and excitations are also observed in the
SC phase of pure CeCoIn5. The recent inelastic neutron
scattering experiments for pure and Nd-doped CeCoIn5
have revealed that the spin resonance excitation emerg-
ing in the SC phase has a nearly Ising nature along the
c axis [6, 8]. This similarity in the spin polarization sug-
gests that the spin resonance excitation in pure CeCoIn5
and the NFL behavior in Ni-doped CeCoIn5 have similar
origins. The spin fluctuations in Ni25%-doped CeCoIn5
may have an energy distribution centered at ~ω ∼ 0,
because the NFL behavior at B ∼ 0 in M/B and C/T
persists down to very low temperatures. However, once
the SC order occurs, as in pure CeCoIn5, the spin fluc-
tuations may have gapped energy due to the SC conden-
sation, detected as the spin resonance excitation in the
inelastic neutron scattering measurements. In this situa-
tion, the coherency and Ising-like polarization of the spin
fluctuations may be somewhat enhanced along with the
variation of the ground state from the paramagnetic NFL
state to the SC ordered phase. In fact, it has been demon-
strated that the spin resonance excitation may conden-
sate into AFM ordering [7, 9, 12], supporting the above
suggestion that the quantum critical fluctuations and the
spin resonance excitation have similar origins because the
quantum critical fluctuations likely originate from the
AFM instabilities in pure CeCoIn5 and its doped alloys
[22, 31, 43].
Despite the aforementioned considerations, the micro-
scopic nature of the quantum critical fluctuations has
not yet been uncovered. We believe that the relationship
of the spin fluctuations between pure and Ni25%-doped
CeCoIn5 would be clarified by comprehensive investiga-
tions using the inelastic neutron scattering technique on
CeCo1−xNixIn5 with a wide x range. Such investiga-
tions could provide a key to understanding the anomalous
SC properties coupled with the magnetic correlations in
CeCoIn5.
V. CONCLUSION
Our magnetization and specific heat measurements
for CeCo0.75Ni0.25In5 revealed anisotropic NFL behav-
ior, depending on the B direction. For B || c, the di-
verging behaviors in the temperature variations of M/B
and C/T changed into nearly T -constant behaviors, re-
flecting the NFL-to-FL crossover with increasing B. For
B || a, however, the NFL behavior in C/T persisted up
to B = 7 T, although M/B was sufficiently reduced with
B for B ≥ 1 T. These anisotropic responses in M/B
and C/T indicate that the quantum critical fluctuations
are suppressed by the c-axis magnetic field more effec-
tively than by the a-axis field because they are composed
mainly of the c-axis spin component. We compared this
feature to the SC properties in pure CeCoIn5, especially
to the anisotropy in the upper critical field and the Ising-
like characteristics in the spin resonance excitation, and
suggested a close coupling between them.
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